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We propose a new variant of the Affleck-Dine baryogenesis mechanism in which a rolling scalar 
field couples directly to left- and right-handed neutrinos, generating a Dirac mass term through 
neutrino Yukawa interactions. In this setup, there are no explicitly CP violating couplings in 
the Lagrangian. The rolling scalar field is also taken to be uncharged under the B — L quantum 
numbers. During the phase of rolling, scalar field decays generate a non-vanishing number density 
of left-handed neutrinos, which then induce a net baryon number density via electroweak sphaleron 
transitions. 
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I. INTRODUCTION 

The origin of the observed baryon to entropy ratio re- 
mains an unsolved problem. There are many scenarios 
which provide ways of explaining the origin of the asym- 
metry between baryons and antibaryons (for recent re- 
views, see e.g. [1, 2, 3]). 

As realized a long time ago by Sakharov [4], in order 
to generate a baryon number asymmetry from symmet- 
ric initial conditions, three criteria need to be satisfied. 
There need to be baryon number violating processes, 
there must be C and CP violation, and the processes 
which produce the baryon asymmetry should take place 
out of thermal equilibrium. 

The first models of baryogenesis were based on the 
out-of-equilibrium decay of super-heavy Higgs and gauge 
particles in grand-unified theories (GUT) [5]. However, 
in the context of inflationary cosmology [6] (the predic- 
tions of which - namely spatial flatness of the Universe 
and an almost scale-invariant spectrum of adiabatic den- 
sity fluctuations - are well supported by the most recent 
observational results [7]), it is likely that, after inflation, 
the universe will not reheat to a temperature sufficiently 
high to produce these super-heavy GUT particles. 

In the light of inflationary cosmology, another 
paradigm for baryogenesis, namely the Affleck-Dine (AD) 
scenario [8] , has attracted an increasing amount of atten- 
tion. Crucial to the AD scenario is the rolling of a scalar 
field (j> (belonging to the sector of particle physics beyond 
the "Standard Model" ) which couples to standard model 
fields and whose decay produces the observed asymme- 
try. It is natural to assume that this scalar field has been 
displaced from its low temperature ground state during 
the period of inflation, either by quantum vacuum fluc- 
tuations or by initial classical perturbations. It is usu- 
ally assumed that this field carries a non- vanishing B — L 
quantum number, such that the decay generates a baryon 
asymmetry. Since the scalar field dynamics singles out 
a preferred direction in field space, CP is violated dy- 
namically (note that the Lagrangian is symmetric under 
CPT but the cosmological background dynamics sets a 
preferred time direction). Also, the dynamics of <j> is an 



out-of-equilibrium process, and thus, it is clear that all 
of the Sakharov conditions are satisfied. 

As mentioned above, within the AD baryogenesis 
scheme, the rolling complex field is subjected to Hubble 
friction which then produces a CP violating charge asym- 
metry which subsequently is transformed to a baryon 
asymmetry. There are other possible variations to this 
basic setup and they broadly fall in one of the follow- 
ing types: (i) the field (p has scalar-gauge interactions 
which are CP and CPT violating like in spontaneous 
baryogenesis [9], or (ii) <fr has CP violating Yukawa in- 
teractions with leptons, and the final baryon asymmetry 
arises via sphaleron transitions from the lepton asym- 
metry produced in the first stage, as in the model of 
non-thermal leptogenesis [10]. Generically, these models 
involve an interaction Lagrangian of the form i^0^jg, L , 

where jg/ L denotes a baryon and/or lepton number vio- 
lating current, is an operator vector field depending 
on the rolling scalar field 0, and k is a coupling constant 
which could in principle be complex (thus introducing 
new explicit C- and CP-violating couplings into the La- 
grangian) . The form of O p and the specific choice of the 
current j M depend on the specific variation. For instance, 
in the case of spontaneous baryogenesis [9], M ~ d^(f). 
For the recently proposed gravitational baryogenesis [11] 
scenario, the role of the scale field <f> is played by the 
Ricci scalar R and O m ~ d^R. In both of these exam- 
ples, the current j M is the B — L current. In the case of 
non-thermal leptogenesis, j£ is the lepton current which 
couples to the scalar current O m ~ </> M and breaks the 
B — L quantum number by two units, thereby generating 
a Majorana mass term for neutrinos. All of the above 
proposals require (i) presence of a baryon or a lepton 
charge for the rolling scalar field and/or (ii) CP violation 
in the interaction Lagrangian via complex couplings. 

Here, we wish to present a new variant of AD baryogen- 
esis which neither requires the rolling scalar field to carry 
non-vanishing baryon or lepton charges, nor does it in- 
volve CP-violating couplings in the Lagrangian. Analo- 
gously to what happens in leptogenesis [12] (another cur- 
rently popular route to explaining the observed baryon 
to entropy ratio), in an initial step the scalar field <f> 



2 



first decays into neutrinos, producing an asymmetry in 
the left-handed lcptons which is then converted, making 
use of the sphaleron transitions [13] of the standard elec- 
troweak theory, into a net baryon charge density. Note 
that total lepton number is not violated: the asymmetry 
in left-handed neutrinos is compensated by a correspond- 
ing asymmetry in the right-handed neutrino sector. In 
contrast to usual leptogenesis scenarios, in our case the 
neutrinos are of Dirac type [23]. Note that there are 
some similarities between our scenario and the electroge- 
nesis proposal of [16] which also involves the decay of a 
scalar condensate into leptons. 

In our scenario, the Sakharov conditions are satisfied 
in the following way: the baryon number violating pro- 
cesses are electroweak sphalerons which convert an asym- 
metry in left-handed lepton number to baryon number. 
The asymmetry in the left-handed leptons is generated by 
Yukawa neutrino interactions of <j>, which generate a time- 
dependent effective Dirac mass for the neutrinos. Total 
lepton number is not violated explicitly. Thus, there is 
an asymmetry in the right-handed neutrinos which com- 
pensates for the asymmetry in the left-handed neutrinos. 
Neutrino interactions are too weak to equilibrate right- 
and left-handed neutrinos (for other leptons in the Stan- 
dard Model, the equilibration would be rapid). The CP 
symmetry is violated dynamically via the asymmetric ini- 
tial conditions of <p (more specifically, the complex phase 
of 4>) in our Hubble patch set up by a phase of primordial 
inflation. In this respect, our work is related to recent 
work on dynamical CP violation in the early universe 
[17] (developing earlier ideas of Dolgov [1]). Finally, since 
the dynamics of <j> is out of thermal equilibrium, the third 
Sakharov criterion is trivially satisfied. 



II. GENERATION OF THE LEPTON NUMBER 
ASYMMETRY 

Our starting point is a Yukawa-type interaction La- 
grangian Ly which couples the scalar field <f) to left and 
right handed neutrinos vl and vr: 



Ly = VvVhVn<i> + h.c. 



(2.1) 



In order that this Lagrangian be a SU{2)l scalar, the 
field <p needs to possess SU{2) l quantum numbers. Thus, 
4> is unlikely to be the inflaton (the field driving infla- 
tion), because a gauge non-singlet field generically ob- 
tains a potential which is too steep to allow for a phase 
during which it rolls sufficiently slowly to yield inflation 
[24]. We take the couplings y v to be real numbers. Thus, 
we are not introducing any new CP-violating phases into 
the Lagrangian, and the Lagrangian does not contain any 
terms which violate baryon or lepton number. The inter- 
action Lagrangian (2.1) generates Dirac neutrino masses, 
and we will see below that it allows the decay of a <j> con- 
densate displaced from the ground state to produce an 
asymmetry in the left- and right-handed lepton numbers 
(with the total lepton number being conserved). 



In the context of theories beyond the standard model 
of particle physics, there arc many possible candidates for 
4>, e.g. the scalar partner of one of the standard model 
fermions, in particular the sneutrino (used for ordinary 
leptogenesis in [19]). Such condensates are excited dur- 
ing inflation by quantum fluctuations, and due to the 
exponential red-shifting of length scales during inflation, 
the condensates will then be quasi-homogeneous on scales 
larger than the Hubble radius after the end of inflation. 
The condensates are frozen until the Hubble constant 
decreases to a value comparable to the condensate mass, 
after which the field will begin to roll towards it's ground 
state. 

Let us first examine the dynamics of a complex scalar 
field condensate 4>, which in the slow-roll approximation 
(this approximation is not crucial for the mechanism, but 
is chosen to make the analysis specific) is described by 



3Hj> + V = . 



(2.2) 



If the phase of <j> is non- vanishing [25], then the dynam- 
ical evolution of <f> (the motion which breaks the time- 
translational symmetry) may lead to a charge asymmetry 
density (see e.g. [2]) for the decay particles 



Im{cj>*dV/d<P*) 
3H 



(2.3) 



This equation is obtained from the equation of covariant 
conservation of the scalar current, evaluated in the slow 
roll approximation. If the potential is a function of 4>*4>, 
then Qtf, vanishes. However, if for example it is a function 
of (j) 2 plus complex conjugates, then it docs, in general, 
not vanish. 

Given the Yukawa interaction Lagrangian (2.1), the 
decay process being considered is cj> — > vrv l . The per- 
turbative decay rate is 
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(2.4) 



Since Q^, ^ 0, the changes in the number densities n(<j>) 
and n((j)*) are not the same. As a result, the decay of 
the condensate produces an asymmetry in the number 
density of the decay leptons whose value is given by 



Q<j}— ■ 
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(2.5) 



In the above, we are assuming that the total decay 
rate of 4> into particles is less important in the equation 
of motion of the condensate than the decay due to Hubble 
damping (otherwise the use of (2.2) would not be consis- 
tent. We focus on the decay of 4> into neutrinos, since, 
as we shall see below, any asymmetry in the right- and 
left-handed number densities of other leptons will wash 
out. However, due to their very weak interactions, the 
washout for neutrinos is ineffective. 

The lepton to entropy ratio resulting from (2.5) is 



N u = 



8irn~ 



(2.6) 
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Note that although, is CPT violating, N v is not (since [21] 
n 7 is CPT odd) and hence can be affected by reverse 
equilibrating processes. In the following, we track the 
left-handed component Nl of the asymmetry in (2.6) 
during the subsequent evolutionary course of the Uni- 
verse. 



III. STUDY OF THE EQUILIBRATION 

Recall that while the decay of (f> does not violate total 
lepton number, it generates an asymmetry in the number 
densities of left- and right-handed Dirac neutrinos: 



n(u L ) ^ n{v L ) ; n(v R ) ^ n{v R ) . 



(3.7) 



The electroweak sphalerons then convert part of the 
asymmetry in the left-handed neutrinos into a net baryon 
asymmetry. However, a necessary condition for this sce- 
nario to work is that the asymmetry in (3.7) does not 
equilibrate during the time interval between <j) decay and 
electroweak symmetry breaking. In the following, we will 
show that because of their small masses and coupling 
constant, the neutrino number densities do not equili- 
brate, whereas the number densities of other leptons in 
the Standard Model would. 

The net left-handed neutrino to entropy ratio Nl in a 
homogeneous and isotropic universe evolves according to 
the kinetic equation [20] 



dN L dY v 
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where M p is the Planck mass, z is proportional to the 
cosmological rcdshift via the relation T — m^/z, where 
T is the temperature of radiation, Yx denotes the ratio 
between the number density of X particles and the en- 
tropy density (and the superscript eq indicates the value 
of the corresponding quantity in thermal equilibrium), 
and 7 is proportional to the cross section (see below). 
Note that the effects of the Hubble expansion cancel out 
if we track the ratio of particle number densities. Note 
also that we are neglecting the production of neutrinos 
by back-reaction effects. 

We note a caveat in using (3.8): it assumes a ther- 
mal distribution of particles, and since the <f> condensate 
is not a thermal distribution of phi particles, the decay 
products will not be thermally distributed, either. How- 
ever, the purpose of the following discussion is to get an 
order of magnitude estimate of the washout, and for this 
purpose, the use of (3.8) should be adequate. 

Assuming that we are working in the radiation domi- 
nated era, we have 



T ~ 2g^T 3 5 



eq _ ^g t mlK 2 {z) 



Y = 



47r 4 5 *T 2 



(3.9) 



where -FQ are the modified Bessel functions. If the re- 
action rates are assumed to be dominated by decay pro- 
cesses with width T (see below for more details), then 
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K 2 {z) 1 ~ 1 w 1 2tt 2 

(3.10) 

where 7$ has mass dimension of 4.. 

Within the standard model, there are three different 
contributions to 7. These are: (i) due to mass, (ii) inverse 
scattering of vl leading to resonant production of Z and 
W ± gauge bosons and (iii) due to neutral and charged 
current scattering processes. 

Given the sizeable decay widths of the gauge bosons to 
leptonic final states (T w ~ 0.21 GeV , T z ~ 0.17 GcV) 
any production of these states via an inverse scatter- 
ing of left-handed neutrinos will quickly replenish the 
left-handed states. Neutral and charged scattering pro- 
cesses will also not deplete the number density of left- 
handed leptons. The subsequent conversion of these fi- 
nal states to right-handed states (again via mass terms) 
arc strongly suppressed and can be neglected to leading 
order [22]. All of these arguments hold as long as the 
Lagrangian conserves lepton number as it is in our case. 

As a result, we only need to consider the depletion due 
to a small neutrino mass. Thus, 
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= 1 m =(^) 2 T*K{z)Y% 8 , (3.11) 



which is helicity suppressed at high temperatures. The 
presence of denotes the production rate of vl states. 

In order to get a more quantitative feeling for the loss 
of left-handed neutrino due to conversion, let us examine 
7" 1 in the asymptotic limit of large z which corresponds 
to late times. In this case, k(z) ~ 1 and therefore, 



7 = 7" 



T 6 Yf?s . 



Substituting (3.12) into (3.8) we have 



dY Vl 



zY VL T 



4> (Tfly 



dz H( m4> ) \ T 

As a function of temperature, 



(3.12) 



(3.13) 
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m l m l T <f> \ 
2T 4 ff(m )/ ■ 



(3.14) 



The initial value Y® is proportional to the number den- 
sity of <j) particles divided by the entropy, evaluated at 
the time when the <f> condensate decays (see Section II). 

Clearly, the equilibration process is negligible, i.e. 
y ~ y° if 



m|m 2 r^ 
2T 4 ff(m ) 



•C 1 



(3.15) 



Conversely, if the left hand side exceeds 1, then most 
of the initial asymmetry disappears. From the form of 
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(3.15) it is clear that the equilibration process is most 
efficient at the lowest temperature being considered. 

In our context, the lowest temperature is the scale of 
electroweak symmetry breaking. If the neutrino asym- 
metry survives until that time, it gets converted into 
a baryon asymmetry by electroweak sphaleron effects. 
Thus, in evaluating (3.15) for neutrino equilibration, we 
set T > ITeV, use as neutrino mass the value m u ~ 0.01 
eV as suggested by current data, and thus conclude that 
(3.15) is satisfied as long as is not too much larger 
than T. Hence, any asymmetry in the left-handed neu- 
trino density established via decay of the <j> condensate 
at an early stage survives until the scale of electroweak 
symmetry breaking. For other leptons, this is not the 
case. 



IV. DISCUSSION AND CONCLUSIONS 

We have presented a variation of the AD baryogene- 
sis scenario in which neither new baryon number violat- 
ing processes nor new sources of CP-violation are intro- 
duced. As in the conventional AD setup, a scalar field 
condensate, displaced from its ground state during a pe- 
riod of primordial inflation, produces a net asymmetry 



in left-handed neutrinos (compensated by a correspond- 
ing asymmetry in the right-handed neutrinos) during the 
time interval when it is rolling towards its ground state 
in the post-inflationary period. 

We have established that an initial asymmetry in the 
density of left-handed neutrinos will survive until the 
scale of electroweak symmetry breaking. At this point, it 
will be converted to a baryon asymmetry via sphaleron 
transition. The resulting baryon to entropy ratio Ag is 
related to the left-handed neutrino asymmetry via 

A B = uA v , (4.16) 

where the a is a constant of order unity whose precise 
value depends on the number of generations and on the 
number of Higgs particles. 
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